The diurnal and semi-diurnal variability of the integrated precipitable water vapour (IPWV) was studied by using Global Positioning System (GPS) data (1998)(1999)(2000)(2001)(2002)(2003)(2004)) from 14 International GNSS Service (IGS) stations located between latitudes 20°S and 20°N, and longitudes 70°-170°E. The phases and amplitudes of the IPWV are compared to the corresponding estimates from two numerical weather models (NWMs). Results reveal that there are diurnal amplitudes of more than 0.4 mm for most sites, except sites on small islands in the ocean. The maximum diurnal amplitude is 3 mm at Bakosurtanal, Indonesia. The estimated semi-diurnal signals are in general small. The maximum of the IPWV typically occurs between 1200 and 2400 local solar time. The results suggest that GPS data are useful for high-temporal-resolution studies of IPWV. The accuracy of the estimated diurnal amplitudes is limited by the use of a simple model for the mean temperature of the wet refractivity, and the accuracy of the estimated semi-diurnal amplitudes is likely to be improved by a higher temporal resolution of the ground pressure data at the GPS sites.
Introduction
Water vapour is the most abundant and important greenhouse gas. It is also one of the most variable atmospheric parameters both in time and space. It has a central influence on atmospheric radiation and the hydrological cycle. Therefore, the daily variation in the integrated precipitable water vapour (IPWV) in the atmosphere is an interesting topic for many studies (Güldner and Spänkuch, 1999; Bouma and Stoew, 2001; Dai et al., 2002) .
Many techniques are used to study atmospheric water vapour. Radiosondes are a common tool used to record meteorological profiles, i.e. temperature, humidity, wind (speed and direction) and air pressure in the vertical direction. They can operate up to 30 km from the ground. Owing to the high cost for each launch, they are typically launched only twice daily. Launches are often performed at specific sites (e.g. airports and meteorological offices). With an uneven spatial coverage and poor temporal resolution, the radiosonde technique is not ideal for monitoring of fairly rapid variation of IPWV in the atmosphere.
Ground-based, upward-looking microwave radiometers can be used to measure water vapour directly with a time resolution of seconds, and the accuracy can be better than that of conventional radiosondes. Groundbased microwave radiometry has the advantage of near all-weather capability but the technique does not work in the case of precipitating clouds (Güldner and Spänkuch, 1999) . Furthermore, it gives poor spatial resolution since only a few instruments are operational in a continuous mode. The specific application of estimating weak diurnal signals in the IPWV is difficult because of expected temperature-dependent systematic measurement errors. Several instruments and sensors on satellites can also be used to measure atmospheric water vapour, e.g. the Advanced Microwave Sounding Unit (AMSU-B). These techniques provide good spatial but poor temporal resolution (Vey et al., 2004) .
It has been shown that it is possible to study diurnal and semi-diurnal variations of IPWV using groundbased Global Positioning System (GPS) data. Dai et al. (2002) studied the diurnal (S 1 ) and semi-diurnal (S 2 ) variability using GPS data from 54 North American sites spanning the period 1996-2000. The amplitudes of the diurnal cycle were found to be 1.0-1.8 mm and the peaks occurred around noon in winter and between midafternoon and midnight in summer, whereas the semidiurnal amplitudes were weak, on the order of some tenths of a millimetre. Güldner and Spänkuch (1999) found a weak diurnal cycle in the IPWV from groundbased microwave radiometer data by analysing two years of measurements in central Europe. The mean overall diurnal variation was about 1.5 mm in summer and 0.5 mm in winter. Bouma (2002) analysed the diurnal variations of the IPWV using data from 30 GPS sites covering Northern Europe for a 6-year period and found that the mean amplitudes were between 0.1 and 0.6 mm 404 S. PRAMUALSAKDIKUL ET AL. in the winter months and between 0.4 and 1.6 mm in the summer months.
Most studies have concentrated on high latitude regions. The present study is focused on the area around the equator covering latitude 20°S and 20°N, and longitudes 70°-170°E. The data and the analysis are presented in Section 2. Section 3 describes the procedures to obtain the diurnal and semi-diurnal amplitudes and phases. The results are presented in Section 4 and the conclusions are given in Section 5.
Data and analysis
GPS data available at the Scripps Orbit and Permanent Array Center (SOPAC) were used. Fourteen sites were chosen (Table I and Figure 1 ). All data sets were processed using the GIPSY-OASIS II software (Webb and Zumberge, 1993 ) with the precise point positioning (PPP) strategy (Zumberge et al., 1997) . The GPS analysis was carried out on daily data sets plus a 3 h overlap before and after each day, resulting in 30 h long data sets. The elevation cut-off angle was set to 15°and the NMF mapping functions (Niell, 1996) were used. It is known that geophysical models can influence the estimation of atmospheric parameters from GPS (e.g. Dach and Dietrich, 2000; Vey et al., 2002; Watson et al., 2006) and that adequate ocean tide loading (OTL) models have to be used in GPS data processing. This is especially important since errors in the vertical coordinate are strongly correlated with the estimation errors of the zenith total delay (ZTD). Thus, three different GPS analyses were performed in order to study the effect of OTL on the IPWV estimates. The first analysis did not use any OTL corrections at all, and the other two used OTL corrections (Scherneck and Bos, 2002 ) based on two different ocean tide models, FES02 (Lefèvre et al., 2002) and TPXO7.0 (Egbert et al., 1994) . Corrections for atmospheric loading were not applied. Station coordinates were estimated for all sites for each 30 h data set. The ZTD was estimated every 5 min and only the 24 h of each day were used in the following analysis.
The ZTD can be divided in to two terms -the zenith hydrostatic delay (ZHD) and the zenith wet delay (ZWD): w represent the ZHD and the ZWD, respectively. In order to infer the IPWV, first the ZHD is subtracted from the estimated ZTD. Saastamoinen (1972) presented a closed-form formula for calculating the ZHD which is dependent only on the total surface pressure and the location. Elgered et al. (1991) made a further development for the ZHD estimates (in mm):
Here, p is the total pressure in hPa at the antenna site and
is the latitude and H is the height in km of the antenna above the geoid.
In the analysis, NCEP/DOE (National Centers for Environmental Prediction/Department of Energy) reanalysis-II (Kanamitsu et al., 2000) ground pressure data were used to calculate the ZHD. The NCEP/DOE reanalysis-II data sets are improvements of the NCEP/ NCAR (National Center for Atmospheric Research) reanalysis-I data sets (Kalnay et al., 1996) . These numerical weather prediction models have a temporal resolution of 6 h and a spatial resolution of 2.5°× 2.5°, and provide surface data and pressure level data at 17 levels up to a height of approximately 40 km.
The gridded pressure data were interpolated in time and space (horizontally and vertically) to the positions of the GPS sites in order to calculate the ZWD using Equations (1)-(3). Comparison of the interpolated pressure data with ground truth pressure data from radiosonde launches showed that the agreement is at the level of 0.5-1 hPa (Pramualsakdikul, 2007) . An error in the total pressure of 0.5-1 hPa would cause an error of about 1-2 mm for the ZHD and approximately 0.15-0.3 mm for the IPWV.
The IPWV can be calculated from the ZWD using a conversion factor Q (Askne and Nordius, 1987) :
Here k 2 and k 3 are constants with the values of 17 ± 10 K × hPa −1 and 3.776 × 10 5 K 2 hPa −1 , respectively (Davis et al., 1985) . R w is the specific gas constant, which is the ratio of the universal gas constant R (8.314 J mol −1 K −1 ) and the molar mass of water M w (18.0152 g mol −1 ) and ρ is the density of liquid water (10 3 kg m −3 ). The weighted mean temperature T m is defined as (Bevis et al., 1992) :
This weighting results in an approximate mean temperature of the wet refractivity in the atmosphere. In Equation (5), T is the physical temperature in K, e is the partial pressure of water vapour in hPa and z is the height.
The mean temperature T m can be related to the surface temperature T s . Such relations can be optimised to specific sites. Although Schüler (2001) presented results for many of the GPS sites in the present study, the linear relation presented by Bevis et al. (1992) has been used: This was derived using data covering 2 years from 8718 radiosonde sites in the US. The impact of using Equation (6) globally has been assessed by Wang et al. (2005) . Specifically, when studying diurnal variations the problem is that the surface temperature in general exhibits larger variability than does the mean temperature. The results presented by Wang et al. (2005) indicate that this error is relatively small in the area of interest. It is estimated that the error in the diurnal amplitude is less than 1% of the IPWV.
The 5 min interval ZTD values were used to calculate IPWV which then were averaged over 30 min. The resulting IPWV time series from the GPS data are shown in Figure 2 .
Besides the IPWV data from the GPS analyses, IPWV data from two other sources were used, NCEP/DOE (Kanamitsu et al., 2000) and ECMWF (ECMWF, 1995) . These two numerical weather models (NWMs) have a temporal resolution of 6 h. Radiosonde data were not used owing to their low temporal resolution.
Diurnal and semi-diurnal cycle of IPWV
To study the diurnal and the semi-diurnal variability, the technique described by Dai et al. (2002) was followed. First, the daily mean was removed from the IPWV data sets for each day and the so-called diurnal anomalies were obtained. The wet and dry seasons, defined by the three contiguous months with the highest and the lowest precipitation, were studied separately. Table II gives the mean and root-mean-square (RMS) IPWV for the whole data sets and the corresponding wet and dry seasons. These IPWV result from GPS analysis with OTL based on the FES02 ocean tide model. The diurnal anomalies were then averaged over the three contiguous months for each season. These data were averaged over the years to obtain the mean seasonal diurnal anomalies. The mean diurnal anomalies of IPWV for each season at each GPS site were analysed with harmonic least-squares (HLS) fitting. The mean diurnal variations may be represented by (Dai et al., 
The summation term in the above equation is:
Here, n = 1 and 2 denote harmonics with the periods of 24 and 12 h, respectively, IPWV o is the daily mean value, ε is the residual, A n is the amplitude, α n is the phase, and t is mean local solar time (LST) expressed in degrees or radians (t = 2πt/24, where t is the mean LST in hours).
The Fourier transform can also be used to study the diurnal and semi-diurnal variations. However, the method requires evenly spaced data and missing data in a GPS time series are inevitable. An alternative method is then the Lomb-Scargle periodogram (LSP) (Hocke, 1998) , which handles unevenly spaced data.
For validation purposes, the LSP method was used to extract the diurnal and semi-diurnal amplitude of the IPWV data for the whole data set and then the results were compared with those from the HLS fit. These IPWV data originated from the GPS data processing using OTL based on the FES02 ocean tide model. Figure 3 shows, as an example, the amplitude spectra from the LSP method for four IGS sites located in different environments. Strong diurnal signals are clearly seen at the BAN2 and the DARW sites located inland of a continental area, and the NTUS site which is close to the equator. The diurnal signals from these three sites are more prominent than the semi-diurnal signals. A semidiurnal signal cannot be seen at the DARW site. However, the GUAM site, located on a small island, exhibits no clear diurnal signal but shows a weak semi-diurnal signal which may not be of atmospheric origin. Table III presents a comparison of the estimated amplitudes for all sites using both methods: the LSP and the HLS fits. For almost all sites there is agreement within 10% for both the diurnal and semi-diurnal amplitudes derived from the LSP and the HLS methods. The largest relative difference (12%) is found for the semi-diurnal signal at LAE1. The semi-diurnal signal is, in general, much smaller than the diurnal signal, except for the island sites. This fact makes a quantitative comparison more difficult. However, the diurnal signals for the sites located on the small islands such as COCO, DGAR, GUAM, and KWJ1 are weak. These four sites show semi-diurnal signals that are on the same order of magnitude as, or even larger than, the diurnal signals. Physical causes of diurnal IPWV variations are discussed in Dai et al. (2002) . For example, the observed larger amplitudes at inland sites as compared to island sites are reasonable owing to an expected larger evapotranspiration. After the validation of the HLS fit by comparison with results from the LSP method, the analysis was concentrated specifically upen the wet and dry seasons for each site and possible differences in the IPWV variability. Identical time periods for GPS and NWM data were used. Examples of the HLS fits for three sites are shown in both during the wet and the dry season. The semi-diurnal signal is larger during the dry season.
Results
The two NWMs agree better during the wet season. The site COCO shows similar IPWV variations in both seasons and it is dominated by semi-diurnal signals, while the site LAE1 reveals a large difference between the two seasons. During the wet season LAE1 has both relatively strong diurnal and semi-diurnal signals, while these are weak during the dry season.
The numerical results of the estimated diurnal and semi-diurnal signals are presented in Tables IV and V, respectively. As expected, the use of OTL corrections in the GPS data analysis does impact the IPWV amplitudes and phases. These corresponding changes are site and season dependent. There are no independent and reliable data sets with which to compare the results, but the GPS results from analyses with OTL corrections are more reasonable than the ones without OTL. It is noted that the uncertainty introduced by the use of different OTL models in the GPS data analysis does not influence the diurnal and semi-diurnal IPWV components by more than 0.08 mm in amplitude and 30 min in phase. The only exceptions are the phases of the diurnal component for DGAR, GUAM and KWJ1 with differences of up to several hours which is probably due to the small amplitudes.
The HLS fit of the GPS IPWV shows that most sites, excluding those on small islands, have significant diurnal signals with amplitudes larger than 0.4 mm, ranging up to more than 2 mm. Concerning the phases of the diurnal signals, the maxima occur typically between 1200 and 2400 local time. The four sites BAKO, DGAR, LAE1 and NTUS have large differences of the diurnal amplitudes for the wet and dry seasons. It is noted that these four sites are closest to the equator.
The agreement between the IPWV results from GPS and the two NWMs is generally poor. The NWM/GPS agreement is both site and season dependent and none of the models is consistently significantly better in agreement with GPS. However, the NWMs also give smaller diurnal amplitudes for the sites in the middle of the ocean. This may be partly explained by the amplitude error of maximum 1% introduced by the use of Equation (6). For sites with diurnal signals stronger than 1 mm the phases of NWM and GPS results typically agree within 2-4 h.
Only the IPWV data from the GPS could be used to estimate semi-diurnal components owing to the limited temporal resolution of the NWMs. The results are presented in Table IV . In general the amplitudes are smaller than 0.4 mm, with the exception of BAKO and HYDE during the dry season and LAE1 during the wet season. As for the diurnal components, it is noted that the choice of the OTL model does not influence the estimated amplitudes significantly. The use of the NCEP pressure model data, with a temporal resolution of 6 h, for the calculation of the ZHD can introduce systematic effects. The global analysis of semi-diurnal pressure variations carried out by Ray (2001) Table IV . Diurnal IPWV components using no OTL, and OTL based on the TPXO7.0 and FES02 ocean tide models in the GPS processing, along with the IPWV amplitudes and phases from the NCEP and ECMWF models. Table V . Semi-diurnal IPWV components using no OTL and OTL based on the TPXO7.0 and FES02 ocean tide models in the GPS data analysis. accurately remove this effect. Since the estimated semidiurnal signals are of the same order of magnitude, it is not appropriate to carry out a more detailed interpretation.
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Conclusions
The variations of IPWV focusing on the diurnal and the semi-diurnal components at 14 GPS sites in southern Asia, northern Australia and in the Pacific Ocean have been studied. It is concluded that OTL models must be used in the GPS data analysis. The two different OTL models seem to be equally accurate since their use results in diurnal and semi-diurnal IPWV amplitudes that agree within 0.08 mm and phases that agree within 30 min for most of the sites. It was found that the diurnal signals were more dominant than the semi-diurnal signals for most sites, during both the wet and the dry seasons. The four sites closest to the equator show the largest seasonal differences. Sites on relatively small islands in the ocean show only weak diurnal signals. Comparisons with independent IPWV values from NWMs show in general a poor agreement, although a correlation exists between the estimated amplitudes. Furthermore, the diurnal IPWV signals from the two NWMs do not agree with each other. Their temporal resolution of 6 h does not allow derivation of the semi-diurnal components. It appears that the continuously operating GPS sites can provide useful IPWV data with a temporal resolution of hours. Independent, accurate data for validation are needed but are difficult to acquire. The accuracy of the amplitude of the diurnal component is probably limited by the simple model (Equation (6)) used to calculate the mean temperature of the wet refractivity. An improvement can be obtained by calculation this temperature from an NWM as suggested by Wang et al. (2005) .
Variations in the ZHD can also affect the IPWV results. In the present study the quality of pressure data limiting the accuracy of the estimated IPWV, especially for the semi-diurnal components, cannot be ruled out. Therefore, accurate and frequent pressure observations at the GPS sites are desirable. Nevertheless, it is suggested that the demonstrated method using GPS data to derive the IPWV can be used to assess the correctness of NWMs.
